Recent studies in yeast have shed light on the molecular mechanisms by which telomere dysfunction leads to chromosome fusions. Furthermore, examination of the consequences of telomerase loss in mice suggests that only a few critically short telomeres may be sufficient to promote genomic instability. In the last decade, the prolific information learned about telomeres has rested soundly on two key molecular discoveries: the characterization of the unique structure of the telomere itself [1] ; and the subsequent identification of telomerase, the enzyme responsible for maintaining chromosome termini [2] . The foundation of modern telomere biology, however, lies in the experiments performed decades earlier by Barbara McClintock. Her elegant genetic explorations of the fate of broken chromosomes formulated the idea that natural chromosome ends were not simply undefined regions of DNA, but instead played a crucial role in maintaining genome integrity [3, 4] . A recent publication by Greider and colleagues [5] returns us to our roots, with a molecular analysis in budding yeast of the same types of event that McClintock observed in maize 60 years ago.
In the last decade, the prolific information learned about telomeres has rested soundly on two key molecular discoveries: the characterization of the unique structure of the telomere itself [1] ; and the subsequent identification of telomerase, the enzyme responsible for maintaining chromosome termini [2] . The foundation of modern telomere biology, however, lies in the experiments performed decades earlier by Barbara McClintock. Her elegant genetic explorations of the fate of broken chromosomes formulated the idea that natural chromosome ends were not simply undefined regions of DNA, but instead played a crucial role in maintaining genome integrity [3, 4] . A recent publication by Greider and colleagues [5] returns us to our roots, with a molecular analysis in budding yeast of the same types of event that McClintock observed in maize 60 years ago.
The new work of Greider and colleagues [5] ties together both old and new models for how the ends of chromosomes survive the loss of telomerase, and also provides a wealth of molecular details about the events that occur when telomeres become critically short. A second report, also from the Greider lab [6] , further demonstrates that the cellular response that ensues when telomerase is absent is triggered by the shortest telomeres, rather than an overall decline in telomeric DNA. As genomic instability that results from telomere dysfunction is a contributing factor to tumorigenesis [7] , the insights gleaned from these two studies will likely guide our understanding of similar molecular events occurring in pre-cancerous mammalian cells.
In most species, the distinctive molecular trademark that characterizes telomeres is a tandem reiteration of a short G-rich sequence. These DNA repeats provide a landing platform for a suite of telomere-associated proteins which promote two processes [8] . First, chromosome ends must be fully replicated to ensure continuous cellular proliferation.
In most cells, this is achieved by the enzyme telomerase, a multi-subunit ribonucleoprotein particle that replenishes chromosome ends depleted of G-rich repeats. Second, telomeres also need to be protected from the activities that normally act on DNA strand breaks. These two roles often cross-talk: for example, in budding yeast, the telomere binding proteins Cdc13 and Ku each make separate contributions to both telomere replication and end protection.
Protecting chromosome termini was the very feature that McClintock attributed to the natural ends of chromosomes, on the basis of experiments that monitored the behavior of dicentric ring chromosomes in maize. She observed that, during mitosis, the attachment of the two centromeres to opposite poles of the mitotic spindle would stretch the chromosome arms (forming a cytologically visible structure called an anaphase bridge) until ultimately the ring chromosome ruptured. Notably, the new formed broken ends always re-fused with other ends [3] . These fusions, in combination with subsequent crossover events, regenerated a new dicentric ring chromosome that would again encounter mechanical breakage during a subsequent mitosis. This perpetual cycle of breakage and fusion, called the breakage-fusion-bridge cycle, demonstrated that fusion must always follow breakage. Natural chromosome ends were exempt from this cycle, however, indicating that telomeres had properties that protect them from such fusion events.
Indeed, recent experiments involving the disruption of telomere function -as a result of the loss of either telomerase or essential telomere-binding proteins -have shown that unprotected chromosome termini become susceptible to the fate normally reserved for broken ends. For example, in mice that lack telomerase, chromosomes with shortened telomeres exhibit increased frequencies of endto-end fusions [9] as well non-reciprocal translocations [7] , and in telomerase-defective fission yeast, chromosomes will even circularize as a means of escaping the consequences of inadequate telomeric DNA at their termini [10] . Even in budding yeast, it has been known for over a decade that the eventual inviability associated with an inability to replicate telomeres is also accompanied by genomic instability, as evidenced by a progressive increase in the frequency of chromosome loss [11] .
In order to analyze in detail the molecular steps leading up to these events, Hackett et al. [5] employed an elegant experimental design that exploited the well-known molecular advantages of budding yeast. First, they used an inducible telomerase, so that genomic rearrangements that were occurring in dying cells could easily be recovered simply by turning telomerase back on. Second, a reporter chromosome was engineered with two dispensable genes, CAN1 and ADE2, positioned 5-10 kilobases from the chromosome terminus. Loss of these two genes could be readily monitored either by the appearance of drug resistance or by a change in the color of the yeast colony, respectively, providing a simple visual read-out for sequence loss.
Using this system, Hackett et al. [5] showed that more than just telomeric repeat DNA was lost when telomerase was inactive: many kilobases of DNA adjacent to the telomere were also missing in cells whose telomeres had become critically short (as assessed by greatly decreased inviability).
As predicted from earlier studies in yeast [12] , one mechanism for resolution of these terminal deletions involved the capture of a telomere from another chromosome. This process, frequently referred to as break-induced replication, initiates with strand invasion of an intact chromosome by the broken end (via regions of homology between the reporter and donor chromosomes), followed by replicative copying of donor sequences (Figure 1 ). The broken chromosome is thus healed as a result of the non-reciprocal transfer of chromosomal DNA as well as terminal telomeric DNA sequences. The reporter chromosome designed by Hackett et al. [5] provided a high frequency of opportunities for such events, because of the presence of several regions that were homologous to sequences present on other chromosome arms.
In addition to these predicted events, however, another notable phenomenon involving the terminus of this reporter chromosome was observed. In a subset of cells, even after telomerase was turned back on, continued signs of instability were detected. This was revealed by the appearance of white colonies that exhibited red sectoring, as a result of loss of the ADE2 gene in subsets of cells in the colony. The highest incidence of sectored colonies was observed when telomerase was restored in cultures in which cell proliferation rates had plummeted, because of the loss of telomere function. Hackett et al. [5] deduced from this ongoing instability that they were observing rare incidences of the breakage-fusion-bridge cycle that McClintock had elucidated. The instability of the ADE2 genotype thus presumably occurred because the telomere of the reporter chromosome initially fused with another end, but as a result of the breakage of this dicentric chromosome during a subsequent mitosis, the ADE2 gene was lost. This inferred cycle of breakage and fusion was supported by molecular data, as chromosome fusions could indeed be recovered by the polymerase chain reaction (PCR) from telomerase-defective cells. Notably, sequencing the fusion joints revealed that fusions occurred after the complete loss of telomeric repeat DNA, thereby providing a molecular view of what a 'critically short' telomere looks like: it has lost all telomeric repeats, and consequently the landing pad for the telomere-specific proteins that protect chromosome ends.
What ultimately resolves the breakage-fusion-bridge cycle? Presumably, either telomerase, or some other means of replenishing telomeric repeats [13] , must ultimately cap the ends in order to halt the cycle of fusion and breakage. McClintock observed that in some plant tissues, such as the early plant embryo, a broken end lost its ability to undergo fusion and instead was healed [4] . Once again, her genetic insights have foreshadowed modern observations: telomerase activity has been shown to be high during early embryo development in maize, but to decline during development, such that it is absent in a number of differentiated plant tissues [14] .
Telomerase is thus the obvious candidate for being the activity that heals a broken end. However, de novo addition of telomeres at double strand breaks is an extremely low frequency event in yeast, in the absence of G-rich sequences that can be recognized by telomerase [15] . One plausible model that combines both sets of observations reported by Hackett et al. [5] is that the first step in the resolution of a broken chromosome is a non-reciprocal translocation, which transfers sequences from a chromosome, including incompletely replicated telomeric repeats, onto the terminally deleted chromosome. The reappearance of telomeric DNA at the terminus provides a substrate for telomerase, which can then complete the process of restoring a telomeric cap (Figure 2 ).
Hackett et al. [5] also observed that both break-induced replication and the breakage-fusion-bridge cycle occurred at the period during the propagation of the telomerasedefective yeast culture when cell death was maximal. In yeast cells, loss of telomerase is not immediately lethal, but with continued loss of telomeric repeats, the culture reaches a point when most cells fail to proliferate [11] . Similarly, an overall reduction in average telomere length correlates with the number of population doublings in mammalian cell culture (the so-called 'Hayflick limit') [16] . One interpretation of these observations is that it is the overall average telomere length that determines proliferative capacity, such that the cumulative loss of telomere function is responsible for dictating replicative senescence. But an alternative possibility is that only one, or a few, telomeres need to become sufficiently short to trigger a cellular response, presumably because these termini are recognised as damaged DNA.
To distinguish between these possibilities, Greider's group [6] crossed mice that have short telomeres, as a result of a telomerase deficiency, with mice that have long telomeres, and examined the phenotypes of both telomerase-defective and telomerase-proficient progeny. Previous work had shown that the initial loss of telomerase in mice had no gross detrimental effects, but mice that lacked telomerase for multiple generations exhibited defects in germline tissues, leading to sterility, as well as defects in other hyperproliferative organs [9, 16] . In the new experiment, F1 progeny that lacked telomerase, but which had received both long and short telomeres from their parents, displayed the same severe defects as late generation telomerase-defective mice with only short telomeres.
This observation argues that only a subset of telomeres need to be short in order to elicit the cellular response to an inability to replicate telomeres. Consistent with this, telomeraseproficient progeny from this same cross did not display these phenotypes, indicating that the addition of telomerase was sufficient to rescue the shortened telomeres and prevent effects on cellular proliferation. Further connecting these results with the yeast study, Hemann et al. [6] also showed that the end-to-end fusions previously observed in late generation telomerase-defective mice frequently occur between chromosomes with the shortest telomeres.
Collectively, these results elucidate the types of molecular rearrangement that can be elicited by critically short telomeres to generate widespread genomic instability. In the haploid yeast, such instability can potentially lead to Dispatch R959
Figure 2
An uncapped telomere has two potential fates. It may go through the pathway of breakinduced replication, which regenerates the substrate for telomerase; addition of telomeric repeats results in a capped telomere. Alternatively, the uncapped terminus can go through a breakage-fusion-bridge cycle (fusion with another chromosome and subsequent breakage). A broken chromosome generated by this cycle may serve as a substrate for break-induced replication, which heals the chromosome and prevents it from participating in another cycle of fusion and breakage. The factors that dictate whether an uncapped telomere goes through breakinduced replication or breakage-fusion-bridge have not been defined.
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Breakage-fusion-bridge cycle wwww wwww loss of either essential genes or even entire chromosomes, explaining the eventual high degree of inviability that occurs when telomere replication fails [11] . In mammalian cells, however, previous studies have shown that the genomic rearrangements initiated by telomere crisis can promote further genetic alterations that actually facilitate carcinogenesis [7] . Thus, the molecular insights from these two new studies should help further our understanding of the specific molecular mechanisms underyling telomere dysfunction.
